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3D NAND ETCH

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-

cation No. 62/743,877, filed Oct. 10, 2018, and U.S. Pro-
visional Application No. 62/711,283, filed Jul. 27, 2018, the
entire disclosures of which are hereby incorporated by
reference herein.

TECHNICAL FIELD

Embodiments of the disclosure generally relate to etch
methods for forming a gap or feature in a semiconductor
device. More specifically, embodiments of the disclosure
relate to etch methods for forming wordlines 1n three dimen-
sional semiconductor devices.

BACKGROUND

Semiconductor and electronics processing industries con-
tinue to strive for larger production yields while increasing,
the umiformity of layers deposited on substrates having
larger surface areas. These same factors in combination with
new materials also provide higher integration of circuits per
area of the substrate. As circuit integration increases, the
need for greater uniformity and process control regarding
layer thickness rises. As a result, various technologies have
been developed to deposit and etch layers on substrates 1n a
cost-eflective manner, while maintaining control over the
physical and chemical characteristics of the layer.

V-NAND, or 3D-NAND, structures are used in flash
memory applications. V-NAND devices are vertically
stacked NAND structures with a large number of cells
arranged 1n blocks. Prior to wordline formation, the sub-
strate 1s a layered oxide stack. A memory string 1s formed 1n
a gap or slit that passes vertically through the layered oxide
stack.

Generally, formation of a 3D NAND structure requires
ctching a straight profile within a film stack. However,
current etch processes, particularly with thicker film stacks,
damage the sidewalls of the etched gap to provide sidewalls
which are bowed 1n the middle of the film stack. These gaps
are not of uniform thickness and may provide varying
resistance when the gap 1s later filled with a conductive
material.

Formation of a gap of uniform thickness 1s challenging
due to the loading eflect of the etch process. Current etch
processes olten damage the sidewall of the gap during
ctching of thick stacks, resulting in a non-uniform gap
thickness at the top of the stack than at the middle or bottom.
This difference often becomes more pronounced with
increasing oxide stack layers.

Theretfore, there 1s a need 1n the art for methods for
forming wordline gaps of uniform thickness in three-dimen-
sional structured devices.

SUMMARY

One or more embodiments of the disclosure are directed
to methods of etching a film stack. The methods comprise
providing a substrate with a film stack of a first thickness
formed thereon. The film stack is etched to a depth of a
second thickness to form a gap of substantially uniform
width with a sidewall and a bottom. The second thickness 1s
less than the first thickness. A liner 1s deposited on the
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2

sidewall and the bottom of the gap. The liner 1s etched from
the bottom of the gap. The film stack is selectively etched
relative to the liner to a depth of a third thickness to extend
a depth of the gap. The liner 1s removed.

Additional embodiments of the disclosure are also
directed to methods of etching a film stack. The methods
comprise providing a substrate with a film stack of a first
thickness formed thereon. The film stack comprises alter-
nating layers of an oxide and a nitride. A patterned hardmask
1s Tormed on the film stack. The film stack 1s etched through
the hardmask to a depth of a second thickness to form a gap
ol substantially uniform width with a sidewall and a bottom.
The second thickness 1s less than the first thickness. A
conformal liner 1s deposited by atomic layer deposition on
the sidewall and the bottom of the gap. The conformal liner
comprises boron. The liner 1s etched from the bottom of the
gap. The film stack 1s selectively etched relative to the liner
to a depth of a third thickness to extend a depth of the gap.
An anneal of the substrate 1s performed under an oxidizing
atmosphere to remove the liner.

Further embodiments of the disclosure are directed to
methods of etching a film stack. The methods comprise
providing a substrate with a film stack formed thereon of a
first thickness 1n a range of about 3000 nm to about 7000 nm.
The film stack comprises alternating layers of an oxide and
a nitride. A patterned hardmask 1s formed on the film stack
with openings exposing the film stack. The openings have a
width 1n a range of about 1 nm to about 100 nm. The film
stack 1s etched through the hardmask to a depth of a second
thickness to form a gap of substantially umiform width with
a sidewall and a bottom. The second thickness 1s less than
the first thickness. A substantially conformal liner 1s depos-
ited by atomic layer deposition on the sidewall and the
bottom of the gap. The conformal liner comprises boron and
carbon. The liner 1s etched from the bottom of the gap. The
f1lm stack 1s selectively etched relative to the liner to a depth
of a third thickness to extend a depth of the gap. The liner
1s removed by a process comprising an anneal under a steam
atmosphere at a temperature greater than or equal to about
500° C. and an oxygen plasma ash at a temperature 1n a

range of about 300° C. to about 400° C.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner 1n which the above recited features of

the present disclosure can be understood in detail, a more
particular description of the disclosure, briefly summarized
above, may be had by reference to embodiments, some of
which are illustrated in the appended drawings. It 1s to be
noted, however, that the appended drawings illustrate only
typical embodiments of this disclosure and are therefore not
to be considered limiting of its scope, for the disclosure may
admit to other equally eflective embodiments. The embodi-
ments as described herein are illustrated by way of example
and not limitation 1 the figures of the accompanying
drawings in which like references indicate similar elements.

The FIGURE depicts a flow process diagram of a method
of etching a film stack according to one or more embodi-
ments described herein.

DETAILED DESCRIPTION

Betore describing several exemplary embodiments of the
disclosure, 1t 1s to be understood that the disclosure is not
limited to the details of construction or process steps set
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forth 1n the following description. The disclosure 1s capable
of other embodiments and of being practiced or being
carried out 1n various ways.

As used 1n this specification and the appended claims, the
term “substrate” refers to a surface, or portion of a surface,
upon which a process acts. It will also be understood by
those skilled in the art that reference to a substrate can refer
to only a portion of the substrate, unless the context clearly
indicates otherwise. Additionally, reference to depositing on
a substrate can mean both a bare substrate and a substrate
with one or more films or features deposited or formed
thereon.

A “substrate” as used herein, refers to any substrate or
material surface formed on a substrate upon which film
processing 1s performed during a fabrication process. For
example, a substrate surface on which processing can be
performed 1nclude materials such as silicon, silicon oxide,
strained silicon, silicon on insulator (SOI), carbon doped
silicon oxides, amorphous silicon, doped silicon, germa-
nium, gallium arsenide, glass, sapphire, and any other mate-
rials such as metals, metal nitrides, metal alloys, and other
conductive materials, depending on the application. Sub-
strates 1nclude, without limitation, semiconductor wafers.
Substrates may be exposed to a pretreatment process to
polish, etch, reduce, oxidize, hydroxylate (or otherwise
generate or graft target chemical moieties to impart chemical
functionality), anneal and/or bake the substrate surface. In
addition to processing directly on the surface of the substrate
itself, 1n the present disclosure, any of the film processing
steps disclosed may also be performed on an underlayer
formed on the substrate as disclosed 1n more detail below,
and the term “substrate surface™ 1s intended to include such
underlayer as the context indicates. Thus for example, where
a film/layer or partial film/layer has been deposited onto a
substrate surface, the exposed surface of the newly deposited
film/layer becomes the substrate surface. What a given
substrate surface comprises will depend on what matenals
are to be deposited, as well as the particular chemistry used.

As used 1n this specification and the appended claims, the
terms “precursor’, “reactant”, “reactive gas” and the like are
used mterchangeably to refer to any gaseous species that can
react with the substrate surface.

“Atomic layer deposition” or “cyclical deposition™ as
used herein refers to the sequential exposure of two or more
reactive compounds to deposit a layer of material on a
substrate surface. The substrate, or portion of the substrate,
1s exposed separately to the two or more reactive compounds
which are introduced into a reaction zone of a processing,
chamber. In a time-domain ALD process, exposure to each
reactive compound 1s separated by a time delay to allow
cach compound to adhere and/or react on the substrate
surface and then be purged from the processing chamber.
These reactive compounds are said to be exposed to the
substrate sequentially. In a spatial ALD process, different
portions of the substrate surface, or material on the substrate
surface, are exposed simultaneously to the two or more
reactive compounds so that any given point on the substrate
1s substantially not exposed to more than one reactive
compound simultaneously. As used 1n this specification and
the appended claims, the term “substantially” used 1n this
respect means, as will be understood by those skilled 1n the
art, that there 1s the possibility that a small portion of the
substrate may be exposed to multiple reactive gases simul-
taneously due to diffusion, and that the simultaneous expo-
sure 1s unintended.

In one aspect of a time-domain ALD process, a first
reactive gas (1.e., a first precursor or compound A) 1s pulsed
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4

into the reaction zone followed by a first time delay. Next,
a second precursor or compound B 1s pulsed into the reaction
zone followed by a second delay. During each time delay, a
purge gas, such as argon, 1s introduced i1nto the processing
chamber to purge the reaction zone or otherwise remove any
residual reactive compound or reaction by-products from the
reaction zone. Alternatively, the purge gas may flow con-
tinuously throughout the deposition process so that only the
purge gas flows during the time delay between pulses of
reactive compounds. The reactive compounds are alterna-
tively pulsed until a desired film or film thickness 1s formed
on the substrate surface. In erther scenario, the ALD process
of pulsing compound A, purge gas, compound B and purge
gas 1s a cycle. A cycle can start with either compound A or
compound B and continue the respective order of the cycle
until achieving a film with the predetermined thickness.

In an embodiment of a spatial ALD process, a first
reactive gas and second reactive gas (e.g., nitrogen gas) are
delivered simultaneously to the reaction zone but are sepa-
rated by an 1nert gas curtain and/or a vacuum curtain. The
substrate 1s moved relative to the gas delivery apparatus so
that any given point on the substrate 1s exposed to the first
reactive gas and the second reactive gas.

Embodiments of the disclosure advantageously provide
methods of etching film stacks which provide gaps of
uniform width. Without being bound by theory, 1t 1s believed
that the use of shallower etches and protective liners pro-
vides for processes with less sidewall damage and gaps of
more uniform width through the film stack.

As used herein, a gap of “substantially umiform™ width
refers to a gap where the width 1s about the same throughout
(e.g., at the top, middle and bottom of the gap). Without
being bound by theory, it 1s assumed that a gap of exactly
uniform width will be more difticult to achieve. Theretfore,
a gap of substantially uniform width 1s a gap where the width
varies by less than or equal to about 10%, 5%, 2%, 1% or
0.5%.

As used herein, a liner which 1s “substantially conformal™
refers to a liner where the thickness 1s about the same
throughout (e.g., on the top, middle and bottom of sidewalls
and on the bottom of the gap). A liner which 1s substantially
conformal varies in thickness by less than or equal to about
10%, 5%, 2%, 1% or 0.5%.

As used herein, a etch process which 1s “substantially
directional” refers to a process which removes quantities of
a material 1n one direction over another direction (e.g.,
removes a vertical trench from a film stack, without etching
the sidewalls of the trench). A process which 1s substantially
directional preferentially removes material in a first direc-
tion at a rate that 1s 10, 20, 50 or 100 times faster than
material removed 1n a second direction orthogonal to the
first.

The FIGURE depicts a flow diagram of a method 100 of
etching a film stack 1n accordance with one or more embodi-
ments of the disclosure. With reference to the FIGURE, the
method 100 begins with a substrate 210 with a film stack 220
formed thereon. The film stack 220 1s comprised of multiple
layers 220a, 220b. In some embodiments, the multiple
layers 220a, 22056 alternate 1n the film stack 220. In some
embodiments, the film stack 220 comprises more than two
alternating layers. In some embodiments, the film stack 220
comprises a number of layers 1n a range of about 2 layers to
about 500 layers, 1n a range of about 20 layers to about 200
layers, 1n a range of about 50 layers to about 150 layers, 1n
a range of about 80 layers to about 150 layers, or 1n a range
of about 100 layers to about 120 layers.
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The film stack 220 formed on the substrate 210 has a
thickness D1, also referred to as a first thickness. In some
embodiments, the first thickness 1s 1n a range of about 3000
nm to about 7000 nm. Each of the individual layers has an
individual thickness. In some embodiments, the individual
thickness is in a range of about 100 A to about 3000 A, about
100 A to about 500 A, or in a range of about 500 A to about
3000 A.

In some embodiments, the film stack 220 comprises
alternating layers of an oxide and a nitride. In some embodi-
ments, the film stack 220 comprises alternating layers of an
oxide and a polysilicon stack.

In some embodiments, at operation 110, a patterned
hardmask 230 1s formed on the film stack 220. The patterned
hardmask 230 may be formed by any suitable process. In
some embodiments, the patterned hardmask 230 1s formed
as a blanket hardmask and subsequently etched to form a
patterned hardmask 230. In some embodiments, the pat-
terned hardmask 230 1s deposited as a hardmask with a
pattern (e.g., patterned printing). In some embodiments,
operation 110 1s not performed and the method 100 begins
with the patterned hardmask 230 on the film stack 220.

The patterned hardmask 230 has openings 235 which
expose portions of the film stack 220. In some embodiments,
the openings 235 have a width 1n a range of about 1 nm to
about 100 nm, about 2 nm to about 80 nm, about 3 nm to
about 75 nm, about 4 nm to about 50 nm, or about 5 nm to
about 50 nm.

At operation 120, the film stack 220 1s etched to a depth
of a second thickness, D2. The second thickness D2 1s less
than the first thickness D1. Stated differently, the etch
process at operation 120 does not etch the entire film stack
220. The etch process at operation 120 forms a gap 240. The
gap 240 has at least one sidewall 242 and a bottom 245. The
gap 240 has a width W that 1s substantially uniform.

At operation 130, a liner 250 1s deposited on the at least
one sidewall 242 and the bottom 243 of the gap 240. In some
embodiments, the liner 250 comprises boron (B). In some
embodiments, the liner 250 further comprises nitrogen (IN)
or carbon (C). In some embodiments, the liner 250 com-
prises one or more of boron, boron nitride (BN), boron
carbide (BC) or boron carbonitride (BCN).

At operation 130, the liner may be deposited by any
suitable process. In some embodiments, the liner 250 1s
deposited by atomic layer deposition (ALD). In some
embodiments, the liner 1s deposited by chemical vapor
deposition (CVD).

“Atomic layer deposition” or “cyclical deposition” as
used herein refers to the sequential exposure of two or more
reactive compounds to deposit a layer of material on a
substrate surface. The substrate, or portion of the substrate,
1s exposed separately to the two or more reactive compounds
which are introduced into a reaction zone of a processing
chamber. In a time-domain ALD process, exposure to each
reactive compound 1s separated by a time delay to allow
cach compound to adhere and/or react on the substrate
surface and then be purged from the processing chamber.
These reactive compounds are said to be exposed to the
substrate sequentially. In a spatial ALD process, different
portions of the substrate surface are exposed simultaneously
to the two or more reactive compounds so that no given
point on the substrate 1s exposed to more than one reactive
compound simultaneously. As used 1n this specification and
the appended claims, the term “substantially” used 1n this
respect means, as will be understood by those skilled 1n the
art, that there 1s the possibility that a small portion of the
substrate may be exposed to multiple reactive gases simul-
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6

taneously due to diffusion, and that the simultaneous expo-
sure 1s unintended. As used herein, “chemical vapor depo-
sition” refers to a process 1 which a substrate surface 1s
exposed to precursors and/or co-reagents simultaneously or
substantially simultaneously. As used herein, “substantially
simultaneously” refers to either a co-flow or where there 1s
an intentional overlap of the precursors.

In some embodiments, the liner 250 1s continuous. In
some embodiments, the liner 250 1s substantially conformal.
In some embodiments, the liner 250 1s thicker on the at least
one sidewall 242 of the gap 240 than the bottom 243 of the
gap 240. In some embodiments, the thickness on the at least
one sidewall 242 of the gap 240 1s greater than or equal to
about 100 percent, greater than or equal to about 110
percent, greater than or equal to about 120 percent, greater
than or equal to about 125 percent, greater than or equal to
about 150 percent, or greater than or equal to about 200
percent of the thickness of the liner 250 on the bottom 245
of the gap 240. In some embodiments, the liner 250 has a
thickness on one sidewall in a range of about 10 A to about
50 A. In some embodiments, the liner 250 has a thickness
which 1s evaluated relative to the width of the opening 235.
In some embodiments, the liner 250 has a thickness on
opposite sidewalls of the gap 240 which comprises less than
or equal to about 50%, less than or equal to about 30%, less
than or equal to about 25%, less than or equal to about 20%,
or less than or equal to about 10% of the total width of the
opening 235.

At operation 140, the liner 250 1s etched from the bottom
245 of the gap 240 to expose the film stack 220.

At operation 150, the film stack 220 1s selectively etched
relative to the liner 250 to a depth of a third thickness D3.
Etching the film stack 220 at 150 extends the total depth of
the gap 240.

In some embodiments, the sum of second thickness D2
and the third thickness D3 1s less than the first thickness D1.
Stated differently, the etch process at operation 150 does not
ctch the entire film stack 220. In some embodiments, opera-
tions 130 140 and 150 may be repeated until a predetermined
thickness has been etched from the film stack 220.

As used herein, the phrase “selectively etched”, or similar,
means that the subject materials are etched to a greater
extent than other materials. In some embodiments, “selec-
tively” means that the subject material 1s removed at a rate
greater than or equal to about 10x, 15x, 20x, 25x%, 30x, 35x,
40x, 45x or 50x the rate of removal from the non-selected
surface. Without being bound by theory, it 1s believed that
the liner 250 protects the at least one sidewall 242 of the gap
240 during operation 150, enabling the selective etching of
the film stack.

In some embodiments, not illustrated, after operation 150,
the liner 250 1s removed from the at least one sidewall 242.
In some embodiments, the liner 250 1s removed by a process
comprising an anneal 1n an oxidizing atmosphere. In some
embodiments, the oxidizing atmosphere comprises one or
more ot O,, O,, H,O, H,0,, CO, CO,, N,O, NO, or NO. In
some embodiments, the anneal 1s performed at a temperature
greater than or equal to about 450° C., greater than or equal
to about 300° C., greater than or equal to about 600° C.,
greater than or equal to about 750° C., greater than or equal
to about 1000° C., greater than or equal to about 1100° C.,
or greater than or equal to about 1200° C. In some embodi-
ments, the liner 1s removed by a process comprising a water
plasma. In some embodiments, the liner 1s removed by a
process comprising an oxygen plasma ash. In some embodi-
ments, the oxygen plasma ash 1s performed at a temperature

in a range ol about 300° C. to about 400° C.
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Without being bound by theory, it 1s believed that for
liners comprising boron, the boron can be removed by the
steam anneal process. Further, for liners comprising carbon,
the carbon can be removed by the oxygen plasma ash
process.

Operations 120 and 150 each mnvolve etching the film
stack 220. Operation 140 involves etching the bottom of the
liner 250. The etch process used 1n operations 120, 140 and
150 may be any suitable etch processes. The etch process
used 1n operation 150 may be any suitable etch processes
that 1s selective to the film stack 220 over the liner 250. In
some embodiments, the etch process in operation 120 1s
substantially directional. In some embodiments, the etch
process 1n operation 140 1s substantially directional. In some
embodiments, the etch process in operation 150 1s substan-
tially directional. In some embodiments, the etch processes
utilized 1n operations 120 and 150 are similar processes. In
some embodiments, the etch process utilized 1n operation
140 1s different from either the etch process utilized 1n
operation 120 or the etch process utilized 1n operation 150.
As used 1n this regard, similar etch processes are performed
using the same reagents under the same conditions. A skilled
artisan will appreciate that the conditions may vary slightly
between similar processes and such variations are within the
scope of the disclosure.

Reference throughout this specification to “one embodi-
ment,” “certain embodiments,” “one or more embodiments”
or “an embodiment” means that a particular feature, struc-
ture, matenial, or characteristic described in connection with
the embodiment 1s included 1n at least one embodiment of
the disclosure. Thus, the appearances of the phrases such as
“in one or more embodiments,” “in certain embodiments,”
“in one embodiment” or “in an embodiment” 1n various
places throughout this specification are not necessarily refer-
ring to the same embodiment of the disclosure. Furthermore,
the particular features, structures, materials, or characteris-
tics may be combined 1n any suitable manner 1n one or more
embodiments.

Although the disclosure herein has been described with
reference to particular embodiments, 1t 1s to be understood
that these embodiments are merely illustrative of the prin-
ciples and applications of the present disclosure. It will be
apparent to those skilled 1n the art that various modifications
and vanations can be made to the method and apparatus of
the present disclosure without departing from the spirit and
scope of the disclosure. Thus, it 1s intended that the present
disclosure include modifications and variations that are
within the scope of the appended claims and their equiva-
lents.

2 L

What 1s claimed 1s:
1. A method of etching a film stack, the method compris-
ng:

ctching a film stack comprising alternating layers of an
oxide and a nitride an having a first thickness to a depth
of a second thickness to form a gap with a substantially
uniform width, a sidewall and a bottom, the second
thickness being less than the first thickness;

depositing a liner on the sidewall and the bottom of the
2ap;

ctching the liner from the bottom of the gap;

selectively etching the film stack relative to the liner to a
depth of a third thickness to extend a depth of the gap;
and

removing the liner.

2. The method of claim 1, wherein the alternating layers

have a thickness in a range of about 500 A to about 3000 A.
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3. The method of claim 1, further comprising forming a
patterned hardmask on the film stack before etching.

4. The method of claim 3, wherein openings in the
patterned hardmask expose portions of the film stack to be
ctched.

5. The method of claim 4, wherein the openings have a
width 1n a range of about 1 nm to about 100 nm.

6. The method of claim 1, wherein the liner comprises
boron.

7. The method of claim 6, wherein the liner comprises one
or more of B, BN, BC, or BCN.

8. The method of claim 1, wherein the liner 1s substan-
tially conformal and deposited by atomic layer deposition.

9. The method of claim 1, wherein the liner has a
thickness in a range of about 10 A to about 50 A.

10. The method of claim 1, wherein the liner 1s removed
by a process comprising an anneal 1 an oxidizing atmo-
sphere.

11. The method of claim 10, wherein the anneal 1s
performed at a temperature greater than or equal to about
500° C.

12. The method of claim 10, wherein the liner comprises
carbon and the liner 1s removed by a process further com-
prising an oxygen plasma ash.

13. The method of claim 12, wherein the oxygen plasma
ash 1s performed at a temperature 1n a range of about 300°
C. to about 400° C.

14. The method of claim 1, wherein each etch process 1s
substantially directional.

15. A method of etching a film stack, the method com-
prising:

providing a substrate with a film stack of a first thickness

formed thereon, the film stack comprising alternating
layers of an oxide and a nitride;
forming a patterned hardmask on the film stack;
ctching the film stack through the patterned hardmask to
a depth of a second thickness to form a gap with a
substantially uniform width, a sidewall and a bottom,
the second thickness being less than the first thickness;

depositing a liner by atomic layer deposition on the
stdewall and the bottom of the gap, the liner comprising
boron and being conformal;

ctching the liner from the bottom of the gap;

selectively etching the film stack relative to the liner to a

depth of a third thickness to extend a depth of the gap;
and

performing an anneal of the substrate under an oxidizing

atmosphere to remove the liner.

16. The method of claim 15, wherein the substantially
uniform width 1s 1n a rage of about 10 nm to about 100 nm.

17. The method of claim 15, wherein the liner has a
thickness in a range of about 10 A to about 50 A.

18. The method of claim 15, wherein the anneal 1s
performed at a temperature greater than or equal to about
500° C.

19. A method of etching a film stack, the method com-
prising;:

providing a substrate with a film stack formed thereon of

a first thickness 1n a range of about 3000 nm to about
7000 nm, the film stack comprising alternating layers
of an oxide and a nitride;

forming a patterned hardmask on the film stack with

openings exposing the film stack, the openings having

a width 1n a range of about 10 nm to about 100 nm;
ctching the film stack through the patterned hardmask to

a depth of a second thickness to form a gap with a
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substantially uniform width, a sidewall and a bottom,
the second thickness being less than the first thickness;
depositing a liner by atomic layer deposition on the
stdewall and the bottom of the gap, the liner comprising
boron and carbon and being substantially conformal;
ctching the liner from the bottom of the gap;
selectively etching the film stack relative to the liner to a
depth of a third thickness to extend a depth of the gap;
and
removing the liner by a process comprising:
performing an anneal under a steam atmosphere at a
temperature greater than or equal to about 500° C.;

and
performing an oxygen plasma ash at a temperature 1n a

range of about 300° C. to about 400° C.
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